A subset of basal cells (BCs) in the initial segment (IS) of the mouse epididymis has a slender body projection between adjacent epithelial cells. We show here that these projections occasionally cross the apical tight junctions and are in contact with the luminal environment. Luminal testicular factors are critical for the establishment of the IS epithelium, and we investigated their role in the regulation of this luminal sensing property. Efferent duct ligation (EDL) was performed to block luminal flow from the testis without affecting blood flow. Cytokeratin 5 (KRT5) labeling showed a time-dependent reduction of the percentage of BCs with intercellular projections from 1 to 5 days after EDL, compared to controls. Double labeling for caspase-3 and KRT5 showed that a subset of BCs undergoes apoptosis 1 day after EDL. Ki67/KRT5 double labeling showed a low rate of BC proliferation under basal conditions. However, EDL induced a marked increase in the proliferation rate of a subset of BCs 2 days after EDL. A 2-wk treatment with the androgen receptor antagonist flutamide did not affect the number of BCs with intercellular projections, but reduced BC proliferation. Flutamide treatment also reduced the increase in BC proliferation induced 2 days after EDL. We conclude that, in the adult mouse IS, 1) luminal testicular factors play an important role in the ability of BCs to extend their body projection towards the lumen, and are essential for the survival of a subset of BCs; 2) androgens play an important role in the proliferation of some of the BCs that survive the initial insult induced by EDL; and 3) the formation and elongation of BC intercellular projections do not depend on androgens.
INTRODUCTION
The epididymis, located downstream of the testis and efferent ducts, is the site where spermatozoa undergo several maturation steps and are stored. It is formed by a single convoluted tubule and is divided into four distinct regions-the initial segment (IS), caput, corpus, and cauda epididymidisaccording to their morphology, physiology, histology, and function [1, 2] . The epididymal epithelium consists of several major cell types (principal cells, narrow cells, clear cells, and basal cells [BCs] ), which work in a concerted manner to create the optimum luminal environment for sperm maturation, transport, and storage [1, [3] [4] [5] . An elaborate intercellular communication network contributes to the regulation of various transport mechanisms in the epididymis [3, [6] [7] [8] [9] [10] . In other pseudostratified epithelia, including the trachea and the prostate, BCs have been shown to self-renew and have the capacity to differentiate into several epithelial cell types [11] [12] [13] [14] . However, in the epididymis the potential role of BCs as progenitor cells still remains to be examined. Epididymal BCs have been proposed to participate in transepithelial fluid transport, either directly via aquaporin 3, which is expressed in these cells [15] , or indirectly via the paracrine regulation of principal cells [6, 7] . In all epididymal segments, BCs are located at the base of the epithelium, where they nestle underneath other epithelial cell types. However, BCs can also extend a long and narrow projection between adjacent epithelial cells and in the direction of the lumen [8, 16] . We previously showed that in the rat epididymis, these intercellular BC extensions can in fact cross tight junctions (TJs) to sample the luminal environment and regulate proton secretion in neighboring clear cells in a paracrine manner [8] . During postnatal development, we found that BCs undergo significant morphological plasticity, and that in the adult rat BCs have an intercellular projection mainly in the corpus and cauda regions [8, 17] . BCs, therefore, appear to be integral players in the epididymal epithelium, and investigating the maintenance of their phenotype and morphology will increase our understanding of their role in spermatozoa maturation.
We recently reported that, in the mouse epididymis, BCs send an intercellular projection mainly in the IS [18] . Impairment of the IS epithelium's ability to differentiate and function properly leads to the production of dysfunctional spermatozoa, resulting in male infertility [19] [20] [21] [22] [23] [24] [25] . The most abundant and studied cell type in this segment is the principal cell, which requires lumicrine testicular factors to differentiate into a fully mature state [26] [27] [28] [29] [30] [31] . However, very little is known on the factors that regulate the plasticity and function of BCs. The purpose of the present study was, therefore, to investigate the regulation of BCs in the mouse epididymis. We focused on the IS, where BC morphology is compatible with the luminal sensory role that was previously shown in the rat [8] . Efferent duct ligation (EDL) was performed to examine the role of luminal factors on the maintenance of BC mature character-istics, including elongation of their intercellular extensions, apoptosis, and proliferation. Finally, we examined the role of androgens in the regulation of BCs under normal conditions and after EDL.
MATERIALS AND METHODS

Animals
Adult C57BL/CBAF1 male mice were purchased from Jackson Laboratories. All procedures described were reviewed and approved by the Massachusetts General Hospital (MGH) Subcommittee on Research Animal Care and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All experiments were performed on at least five mice for each group.
Efferent Duct Ligation
Unilateral EDL surgeries were performed to prevent lumicrine factors from entering the epididymis, as described previously by Palladino and Hinton [32] . Each mouse was anesthetized with isoflurane (3%-4%, inhaled) in oxygen and was subjected to unilateral EDL using sterile techniques as follows. The testis was accessed through a low midline incision. Efferent ducts were exposed and a needle leading a 4-0 nylon suture was passed around the ducts. Care was taken to avoid damage to nearby blood vessels. The suture was tied tightly around the efferent ducts, and the testes and epididymides were placed back into the abdomen. The surgical site was closed using nylon sutures.
Antiandrogen Treatment of Adult Mice
Adult (10-wk-old) male mice were divided into a control group (n ¼ 5) and a flutamide-treated group (n ¼ 5). For the flutamide-treated group, mice received a dose of 20 mg/kg per day for 2 wk as described previously [33] . One pellet (containing 10 mg), designed to release flutamide continuously for 21 days (Innovative Research), was implanted subcutaneously into the dorsal side of the neck of each mouse. A sham procedure was carried out in control mice. To investigate the combined effects of flutamide and EDL, mice were treated with flutamide for 14 days and EDL was performed with continuous infusion of flutamide for an additional 2 days. The mice were killed and the seminal vesicles, testis, and epididymis were harvested. All organs were weighed to determine the efficacy of the treatment.
Tissue Fixation and Immunohistochemistry
Mice were anesthetized with sodium pentobarbital (7.5 mg/100 g body weight, i.p.) and the male reproductive organs were harvested, fixed by immersion in periodate-lysine-paraformaldehyde containing 4% paraformaldehyde for 5 h at room temperature, and rinsed three times in PBS, as we described previously [8, 17, 18, 34] . Tissues were then incubated in a solution of 30% sucrose in PBS for at least 24 h. Tissues were embedded in OCT compound (Tissue-Tek; Sakura Finetek), mounted on a cutting block, and frozen. The tissue was then cut at 16-lm thickness using a Leica 3050 cryostat (Leica Microsystems) and sections were placed onto Fisher Superfrost/Plus microscope slides (Fisher Scientific). Sections were hydrated and heated by microwaving in an alkaline buffer (Vector Laboratory) three times for 2 min each time, with 5-min intervals for antigen retrieval. To block nonspecific binding, 1% bovine serum albumin in PBS was applied for 30 min at room temperature. The sections were incubated with primary antibodies in a moist chamber for 90 min at room temperature or overnight at 48C. The samples were washed in PBS and incubated with secondary antibodies for 60 min at room temperature. The following primary antibodies were used: rabbit monoclonal anti-cytokeratin 5 (KRT5) (1:150; Thermo, Fremont, CA), rat monoclonal antiKi67, clone SolA 15, (1:200; ebioscience), and rabbit polyclonal anti-caspase 3 (1:200; Cell Signaling). The anti-ZO-1 rat monoclonal antibody (1:10) was a gift from Dr. Eveline Schneeberger (Department of Pathology, MGH). All secondary antibodies used in this study were affinity purified and were obtained from Jackson ImmunoResearch Laboratories. Secondary antibodies included fluorescein isothiocyanate-and CY3-conjugated donkey or goat anti-rabbit IgG and CY3-conjugated donkey or goat anti-rat IgG. All antibodies were diluted in Dako antibody diluent (Dako).
Quantification of BC Intercellular Projections
BC intercellular projections were quantified in epididymis 16-lm sections immunolabeled for KRT5 from at least five mice in each group. The epididymal region 1, corresponding to the IS (identified by connection with the efferent ducts), was analyzed. EDL-treated mice were analyzed 1, 2, and 5 days after EDL. The projections of BCs were measured and divided into subcategories according to their length, similarly to what we have previously described in the rat epididymis [8] . They were designated as ''long'' when they reached the apical pole of the epithelium, defined as the region located above the row of adjacent principal cell nuclei. These long projections included those that reached all the way to the luminal border of the epithelium. Projections were designated as ''short'' when they did not pass the nucleus of adjacent principal cells. Ten-micrometer stacks of z-series wide-field immunofluorescence images were acquired at 2-lm intervals using a 90i Nikon microscope with a 403 objective. Images were analyzed using Volocity software (v.6.3.1; PerkinElmer).
Quantification of BC Proliferation
BC proliferation was quantified in epididymis sections that were double immunolabeled for KRT5 and Ki-67. At least five control and five experimental mice were examined at each time point after EDL (1, 2, and 5 days). Digital images were acquired using a 403 objective on a Nikon 90i microscope and were analyzed using Volocity software. The percentage of proliferating BCs was determined as the number of cells that were positive for both KRT5 and Ki67 compared to the total number of BCs (positive for KRT5) per tubule cross section.
Statistical Analysis
The numeric data were analyzed using GraphPad Prism (version 5; GraphPad Software Inc.) using one-way ANOVA or a two-tailed unpaired ttest. Values are presented as mean 6 SEM.
RESULTS
BCs with an Intercellular Projection Are Present in the IS of the Mouse Epididymis
Mouse epididymis sections including the IS, caput, corpus, and cauda epididymidis were labeled for KRT5, a marker of BCs [17, 18] . As we previously showed [18] , a subset of BCs located in the IS has a narrow body projection that extends between other epithelial cells toward the lumen (Fig. 1A) . These projections have different lengths, and whereas some are long and reach the apical border of the epithelium (arrows), some are short and do not extend above the row of principal cell nuclei (arrowheads). In contrast, almost all BCs in the caput (Fig. 1B) , corpus (Fig. 1C) , and cauda ( Fig. 1D ) have a flat appearance and no detectable projection (arrowheads). Double labeling for KRT5 and the TJ marker, ZO-1, showed that some of the long BC projections cross the TJs and are, therefore, in contact with the luminal side of the epithelium ( Fig. 1E , arrow; see also Supplemental Movie S1 [Supplemental Data are available online at www.biolreprod.org]). This result shows that BCs have the ability to send a projection that reaches the luminal compartment in the most proximal region of the mouse epididymis.
EDL Reduces the Number of BCs with an Intercellular Projection
Unilateral EDL was performed to determine whether luminal factors regulate the formation and extension of BC projections in the IS. Care was taken to avoid blockage of the blood vessels that are closely associated with the efferent ducts. EDL induced the retraction of BC long (arrows) and short (arrowheads) projections in a time-dependent manner ( 
Modulation of BC Death and Proliferation after EDL
Previous studies have shown that EDL induces significant alterations of principal cells, including apoptosis [26] [27] [28] [29] [30] [31] . We examined here whether EDL affected apoptosis and proliferation in BCs by performing double labeling for KRT5 and caspase 3 or Ki67, respectively. In control mice, overall very rare caspase 3-positive epithelial cells were detected (Fig. 3A shows no apoptotic cells). The number of apoptotic cells dramatically increased 1 day after EDL (Fig. 3B) , and then progressively decreased 2 and 5 days after EDL (Fig. 3, C and  D) . Although several apoptotic cells were principal cells (KRT5-negative), as previously reported [26, 35] , some BCs were also positive for caspase 3 (Fig. 3B, arrows) . Highermagnification 3D reconstruction clearly showed two caspase 3-positive BCs 1 day after EDL (Fig. 3 , E-H; see also Supplemental Movie S2).
A different pattern was observed for the rate of proliferation of epithelial cells induced after EDL. Although a few proliferating epithelial cells, including Ki67-positive BCs (Fig. 4A, arrows) were shown in control mice, the number of Ki67-positive cells significantly decreased 1 day after EDL (Fig. 4B) . Interestingly, a dramatic increase in the number of proliferating BCs was detected 2 days after EDL (Fig. 4C , arrows), but only rare proliferating principal cells were detected at this time point. Very few proliferating cells were detected 5 days after EDL (Fig. 4D) . Figure 4 , E-H, shows a highmagnification 3D reconstruction of a proliferating BC detected 2 days after EDL (see also Supplemental Movie S3). Quantification confirmed the marked increase in the number of proliferating BCs from 2% under control conditions to 12% 2 days after EDL and the return back to a low proliferative state (0.4%) 5 days after EDL (Fig. 4I) . These data show modulation of apoptotic cell death and proliferation patterns of BCs after EDL.
Androgens Are Essential for BC Proliferation but Not for the Formation of Intercellular Projections
The effect of androgens on the maintenance of BC characteristics was examined in the steady-state epididymis. Treatment of adult mice with the antiandrogen drug flutamide for a period of 2 wk significantly reduced the weight of the seminal vesicles and epididymides (Table 2) , as previously published [17, [36] [37] [38] , thus validating the treatment. The number of BCs with long and short projections ( REGULATION OF BASAL CELLS BY LUMINAL FACTORS absent at birth (not shown) and started to appear during Postnatal Week 3 (Fig. 5D) . Their number progressively increased during Postnatal Weeks 4 ( Fig. 5E) and 5 (Fig. 5F ).
Flutamide induced a significant decrease in the number of proliferating BCs compared to control (Fig. 6, A-C) . Higher magnification showed that proliferation of BCs was detected in both projecting (Fig. 6a 0 ) and nonprojecting (Fig. 6a  00 ) BCs. These data indicate that androgens do not appear to be essential for the regulation of BC projections, but are necessary for their proliferation.
Androgens Regulate the Increase in BC Proliferation Observed 2 Days after EDL
We then investigated the role of androgens in the increase in BC proliferation induced by EDL. Mice were treated with flutamide for 2 wk and were then subjected to EDL in the continued presence of flutamide for an additional 2 days. These mice were compared to either mice that were treated with flutamide for 2 wk þ 2 days with no EDL, control mice, or mice subjected to EDL for 2 days without flutamide treatment. The weight of the seminal vesicles was significantly reduced but the epididymis weight was not affected in the flutamide þ 
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EDL group compared to the group subjected to EDL only ( Table 3) . As shown above, a marked increase in BC proliferation was observed 2 days after EDL in the absence of flutamide (Fig. 7, A, A 0 , B, B 0 , and E), and flutamide treatment significantly lowered the percentage of proliferating BCs observed under basal conditions (Fig. 7, C, C 0 , and E).
When EDL was performed in the presence of flutamide, an increase in BC proliferation was observed, but this increase was much lower than that observed in the absence of flutamide (Fig. 7 , D, D 0 , and E). These results indicate that androgens regulate the induction of BC proliferation observed 2 days after EDL. 
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FIG. 4. Effect of EDL on BC proliferation. IS double labeled for Ki67 (red) and KRT5 (green) under control conditions (A) and 1 (B), 2 (C), and 5 days (D) after EDL. Arrows indicate proliferating BCs (positive for both KRT5 and Ki67
). An increase of proliferating BCs is seen 2 days after EDL. Bars ¼ 50 lm. E-H) A 3D reconstruction of BCs double labeled for Ki67 and KRT5, 2 days after EDL (arrow shows a proliferating BC). Bars ¼ 10 lm (see also Supplemental Movie S3). Nuclei and spermatozoa are labeled with DAPI (blue). I) Percentage of proliferating BCs in the IS. A significant decrease of BC proliferation was detected 1 and 5 days after EDL compared to control. In contrast, a dramatic increase in the percentage of proliferating BCs was observed 2 days after EDL compared to control. Data are represented as means 6 SEM. *P , 0.05 and **P , 0.001 versus control.
KIM ET AL.
DISCUSSION
We recently reported that epididymal BCs send an intercellular projection in a region-specific manner depending on the species examined. In the mouse, BC projections are present in the IS, whereas in the rat they are present in the corpus and cauda regions [8, [16] [17] [18] . The present study shows that, similarly to the rat, BC projections in the mouse epididymis occasionally cross the TJ barrier and are in direct contact with the luminal content. We found a marked decrease in the number of BCs with intercellular projection after EDL, showing that testicular lumicrine factors are essential regulators of the maintenance of their projections. In addition, EDL induced a significant remodeling of the IS epithelium, including a wave of apoptosis in several BCs 1 day after EDL, followed by an increase in the proliferation rate of a subset of BCs after 2 days.
Luminal-Reaching Property
The absence of effect of flutamide on the number of BCs with intercellular projections in adult mice suggests that androgens are not directly involved in the formation of these projections. This is supported by our result showing that BC intercellular projections appear early after birth, before the increase in androgens that accompanies puberty. The reduction in the number of BCs with intercellular projections that we observed after EDL suggests that luminal factors maintain the luminal-sensing property of BCs in the mouse IS. In contrast, we previously showed a significant decrease of BC projections 
REGULATION OF BASAL CELLS BY LUMINAL FACTORS
in the corpus epididymidis of rats treated with flutamide for 2 wk [17] , indicating that the more distal regions might rely on androgens for the maintenance of epithelial differentiation. In agreement with this notion, treatment of rats with inhibitors of 5a-reductase to prevent DHT formation resulted in reduced expression of IGF1 and FGF10 in the corpus and cauda regions specifically [39] , indicating that these receptors might be involved in the region-specific androgen-dependent plasticity of BCs. BCs in the epididymis and prostate express EGF and FGF10 receptors [40, 41] indicating that they might be involved in the region-specific androgen-dependent plasticity of BCs. In addition, it will be interesting to test whether the extracellular signal-regulated kinase (ERK) pathway is involved in the regulation of intercellular projections in BCs, as EDL results in the inhibition of this pathway [31, 42] . Whether or not ROS1, which is essential for differentiation of the IS epithelium [25, 43] , also regulates the formation and elongation of intercellular projections in BCs is currently being investigated in our laboratory. Activation of this pathway coincides with the arrival of testicular fluid in the IS, indicating that one of the lumicrine factors might be a ligand for ROS1 [31, 42] . Luminal factors might regulate the formation of BC projections either via a direct effect on BCs or indirectly via cross talk with principal cells. We found that not all BCs are in contact with the luminal compartment at a specific time point, and we might ask how these cells can be directly modulated by lumicrine factors. BCs form a dense network at the basolateral side of the epithelium and are connected with each other via gap junctions [16, 44, 45] . It is possible that a few luminalsampling BCs could serve as sentinel cells that would initiate signaling that could propagate to adjacent BCs, therefore sustaining a more generalized response. Alternatively, we previously postulated that BCs use claudin 1 as a molecular ladder to extend their intercellular projection along the side of adjacent principal cells [8] . Principal cells also express claudin 1 [46] and they are highly affected by EDL. Under these conditions, they might, therefore, no longer provide the support that is required for BCs to send their intercellular projections. Another unanswered question is, ''Why do BCs send their intercellular projections in a region-specific manner and why do these regions differ in the rat versus the mouse epididymis?'' Interestingly, a detailed analysis of gene expression in the different segments of the mouse and rat epididymis showed that the mouse IS and the rat corpus and cauda epididymides express a subset of common genes [47] . Additional studies will be required to determine which of these genes (if any) might participate in the regulation of the luminalsensing property of BCs.
Proliferation and Apoptosis
In agreement with previous studies, we showed a low level of proliferation in all cell types of the IS under control conditions, confirming the stable nature of this epithelium [48] [49] [50] . In this segment, epithelial cell proliferation is regulated by androgens and growth factors [42] . Interestingly, we observed an even lower proliferative activity in BCs after flutamide treatment, showing the contribution of androgens in the maintenance of this cell type in the steady-state epididymis. Very few cells showed apoptotic activity in the control tissue, and flutamide alone did not affect apoptosis (data not shown). Consistent with previous reports [26, 29, 35, [51] [52] [53] , we observed a wave of apoptosis in principal cells of the IS, which reached a maximum level 1 day after EDL. A wave of apoptosis in principal cells has previously been observed 
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following orchidectomy, although in that study a maximum level was observed 2 days postorchidectomy [27] . In contrast, we found that EDL did not induce apoptosis or proliferation in narrow cells (data not shown), in agreement with a previous study showing no change in their ultrastructure after castration [54] . Interestingly, a subset of the BCs that survived the initial insult caused by EDL showed increased proliferative activity, with a maximum level reached after 2 days. Undifferentiation of BCs after EDL might have triggered an increase in their proliferation rate. However, the remaining BCs continued to express the differentiation marker KRT5, indicating that they did not regress to a completely undifferentiated state. The retraction of their intercellular projections together with their increased proliferation rate indicates that they might have regressed to an intermediate state. Although flutamide treatment reduced the proliferative effect of EDL in BCs, an increase in proliferation was still observed compared to the control (no EDL, no flutamide) group and the flutamide-only group. These results indicate that androgens may have a proproliferative effect on BCs, similarly to what was observed previously for principal cells [55] . Conversely, luminal factors may have an overall antiproliferative action on BCs.
Lumicrine factors keep the ERK1/2 pathway in a highly activated state in this segment [31, 42] , and it was, therefore, surprising that proliferative activity was maintained low despite activation of this ''prosurvival'' pathway [56] . A balance between the proproliferative ERK pathway and the antiproliferative action of the tumor suppressors PTEN (phosphatase and TENSIN homolog) and RB1 (retinoblastoma 1), which are also highly expressed in the IS, was proposed to maintain the low proliferative activity in this segment [42, 57] . The increase in apoptosis, followed by an increase in principal cell and BC proliferation that was observed after EDL, in the present study and others, indicates dynamic changes in this balance. This is consistent with the rapid reduction of ERK1/2 phosphorylation (phospho-ERK1/2) and increase in PTEN expression that was observed after EDL, which would further tip the balance towards an antiproliferative state shortly after EDL [31] . Interestingly, androgen replacement cannot prevent EDLinduced apoptosis in principal cells, indicating the participation of other factors in this response or that androgen replacement does not replace luminal androgen [52] . Among the lumicrine factors that are secreted by the testis, the fibroblast growth factor (FGF) h shown to play an important role in IS principal cell survival by regulating phospho-ERK1/2 and dual-specificity phosphatase 6 (Dusp6) [31, 42] . In addition, the orphan receptor tyrosine kinase ROS1 was proposed to play a key role in the differentiation and maintenance of the IS epithelium. ROS1 KO male mice have an undifferentiated IS epithelium and produce immotile spermatozoa [20, 25] . We recently showed that deletion of ROS1 kinase activity in ROS1 KM/KM mice inhibits the ERK1/2 pathway, leading to failure of the IS to differentiate and male infertility [43] . Interestingly, we observed similar proliferation indexes in IS epithelial cells in both ROS1 KM/KM and WT mice during postnatal development and in adults, indicating that the ROS1 pathway does not have a direct role in cell proliferation. All these studies focused on principal cells in the IS, and future research will be required to determine whether or not these hypothesis also apply to BCs.
In other epithelia, including the airways and the prostate, BCs are progenitor cells involved in the renewal of other epithelial cell populations [11] [12] [13] [58] [59] [60] [61] . Lineage-tracing studies will be required to determine whether BCs have a similar function in the epididymis. In particular, it will be interesting to determine whether the BCs that survive the initial damage caused by EDL represent a subpopulation of BCs that are necessary for the maintenance of the epithelium, and to identify the factors that stimulate their proliferation.
In conclusion, the present study suggests that luminal testicular factors might have an antiproliferative action, and androgens have a proliferative effect on BCs in the IS of the mouse epididymis. In addition, we showed that testicular lumicrine factors sustain the formation and elongation of BC intercellular projections, which do not appear to require the action of androgens.
